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support of Applied Research In Energy Storage (ARIES). This special report has been reviewed and
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PROCEEDINGS OF THE ANTIPROTON TECHNOLOGY WORKSHOP*

HELD AT BROOKHAVEN NATIONAL LABORATORY 10 MAY 1989

EXECUTIVE SUMMARY

1. Background

New, more efficient technology for a variety of scientific, medical, and industrial uses
could result from antiproton experiments proposed by a workshop of government, industry
and academic researchers at Brookhaven National Laboratory, Wednesday 10 May 1989.
Antiprotons are particles of antimatter which release highly penetrating radiation when they
are stopped in normal matter. According to presentations at the Antiproton Technology
Workshop this radiation can be used, in very small quantities, to image objects and determine
their composition and density. In larger amounts, the radiation could be used to kill cancer
tumors or produce highly localized heating and shock waves. The Alternate Gradient
Synchrotron, or "AGS", located at Brookhaven is one of the few particle accelerators in the
world capable of making the number of antiprotons needed to perform the experiments.

The workshop was a follow-on to the Antiproton Science and Technology Workshops held at
the RAND Corporation in Santa Monica through October 1987 following the Air Force Project
Forecast Il initiative in Antiproton Technology. The workshop was attended by about 50
researchers from a wide variety of disciplines, including medicine, particie physics, and the
" aerospace industry.

2. Workshop Results

Aerospace uses inciude the detection of physical or chemical flaws in the manufacture of
composite materials, with implications for increased aviation safety and lighter, less
expensive rockets.

An existing market of about $100 billion a year in medical imaging and radiotherapy has
attracted the interest of private investors. Demonstrations of rapid, low radiation imaging of
hard tissues and killing cancer tumors might prove the viability of a new, privately funded
accelerator to provide antiprotons for medical and industrial uses.
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Atomic chemists wan! to» make antihydrogen to see if it obeys the same physical rules as
ordinary hydrogen. Antihydrogen would be made by combining antiprotons with the
anti-electron, or positron, the first form of antimatter discovered back in 1935.

Physical scientists are interested in radiation effects and small but intense shock waves
that could be produced by pulsed antiproton beams. Protection of spacecraft from solar
storms and meteor impacts are among many uses of radiation and shock data.

Particle physicists are interested in broken symmetries in particle reactions which one
might expect to have identical outcomes, but don't.  Such reactions heip tell us how the
universe was made and what its ultimate destiny might be.

Antiproton Workshop members came from organizations as diverse as the Lahey Clinic in
Boston, the Astronautics Laboratory at Edwards Air Force Base, General Dynamics Corporation
in Fort Worth, and the University of illinois. The workshop agenda is provided as table 1.
Workshop attendance is provided as table 2.

The only source of antiprotons suitable for many of the experiments discussed is the
European accelerator in Switzerland, which has long waiting lines for experimenters. The
researchers generally agreed that an antiproton source in the United States, perhaps based on
the Brookhaven AGS accelerator, Fermilab's accelerator, or the booster ring planned for the
Superconducting Supercollider will make United States science and technology significantly
more competitive in areas discussed. Significant informational activities concerning
antiproton technology continue within DOE. Potential user interest expressed as serious
proposals is a significant determinant of DOE support.

*The workshop was jointly sponsored by the Astronautics Laboratory and Brookhaven National
Laboratory (DOE).
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Table 1. Antiproton Technology Working Group Final Agenda

0915

0930

0945

1000

1015

1045

1100

1115

1130

1400

1415

1430

1445

1500

1530

1545

1600

1615

1645

0830 Informal discussions

0900 Welcome and Administrative Remarks

0915

Stopping Power of MeV Proton and Antiproton Beams

Recent Simulation Results of ASTER

Pbar Testing of Hydrogen Effects in Sealed
Carbon-Carbon Composites

Potential for Antiprotons in Radiation Oncology

Prospacts for a Commercial Antiproton Source

1030 Break

1045

Prospacts for Exciting Extreme States in E. D. Minor

Nuclear Matter with Intense Antiproton Beams
Status of AL Studies Relating to Condensed Antimatter Gerald Nordiey
Electromagnetic Traps for Atomic Antihydrogen Isaac Silvera
Antihydrogen Production Arthur Rich
1200 LUNCH: BNL CAFETERIA
1215 Luncheon Speech: HQ DoE Antiproton Activities David Goodwin
1303 OPTION: AGS TOUR OR INFORMAL DISCUSSIONS
1400 ENERGY DEPOSITION AND RELEASE - GERALD SMITH, PENN STATE
Antiproton Catalyzed Fusion T. Kalogeropolous

Antiproton Induced Fusion Reaction

Opticns for a Laboratory Microfusion Facility (LMF)

Modeling Antiproton - Plasma Interactions

Concepts for Experimental Determination of Radiation
Shielding and Metal Clad Pellet Performance

1515 Break

1530

Introduction to CP Violation Studies with Pbars

Test of CP Non-conservation in Pbar-P to Zbar- £

Studies of CP Violation with Pure Kq Kobar

Beams from Pbars
Search for CP Violation in Pbar-P to JAY

Studies of Rare Modes of Pbar-P Annihilation

Antiproton Production Calculation by the
Muttistring Model VENUS Computer Code

1700 Closing Remarks

Dr S. Baron, BNL; Maj G. Nordley, AL

IMAGING AND ANALYSIS - T. KALOGEROPOLOUS, SYRACUSE

R. A. Lewis
Robert Muratore

Harris Carter

M. Leibenhaut, MD

Brian Von Herzen

W. S. Toothacker
Bruno Augenstein

John Callas

Brice Cassenti

PARTICLE PHYSICS - D. C. PEASLEE UNIVERSITY OF MARYLAND

D. C. Peaslea
A.M. Nathan
James Miller
Gerald A. Smith

C. B. Dover

H. Takahashi
G. Nordley

The Pennsylvania State U.
Syracuse University

Gen Dynamics Ft Worth
Lahey Clinic Medical Cen.

Antimatter Technology Corp

ANTIHYDROGEN AND CONDENSED MATTER PHYSICS - CHRIS BRASIER, U. DAYTON (AL)

The Pennsylvania State U.
Astronautics Lab (AFSC)
Harvard University

University of Michigan

Dept of Energy

Syracuse University
The Pennsylvania State U.
The RAND Corporation

Jet Propulsion Laboratory

UTRC - Hartford

University of Maryland
University of lilinois
Boston University

The Pennsylvania State U.

Brookhaven N.L.

Brookhaven N. L.

AL (AFSC)
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STOPPING POWER OF MeV PROTON
AND ANTIPROTON BEAMS

R. A. LEWIS

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA

Note: We regret that copies of the transparencies used in Dr Lewis' excellent
presentation were not available for inclusici: in the proceedings.

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
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10 MAY 1989
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RECENT SIMULATION

REsuLTs OF ASTER

Robert Muratore

Department of Physics, Syracuse University
201 Physics Building, Syracuse, New York 13244-1130 USA

Abstract. ASTER, an imaging technique proposed several years ago, is now ready
to be built. ASTER uses antiprotons to form direct three dimensional images
of the target density profile. Useful images can be obtained with less than one
million antiprotons, well within current production levels. ASTER has potential
advantages over other imaging techniques, including flexibility, speed, lower dose,
and less ambiguity. Simulations show that the scattering of antiprotons by target
nuclei reduces the correlation of image and target, but increasing the number of

antiprotons used by less than an order of magnitude overcomes this effect.

WHEN COMPLICATED TECHNOLOGY is used in medicine, reassuring names are
attached to the machines and techniques. One speaks of CAT scans, PET, and
MRI (née NMR). Today I will talk about an imaging technique which has been
discussed before at these meetings, ASTER, named after the wildflower. Since I am

limited to about ten minutes, I will keep my talk simple. Here is the outline:
I. ASTER is ripe.

It is my contention that this flower has formed its fruit, and that not only is this

fruit ripe for picking, but neither is it spoiled, as some have suggested.
A. ASTER uses antiprotons to image densities, and enough antiprotons are cur-
rently produced.

I will begin by reviewing ASTER.!'?:345 ASTER is an acronym for Antipro-
tonic STERiography. In the ASTER imaging technique, still on the drawing board,




a beam of antiprotons are sent into a target. Collisions with electrons slow the
antiprotons down, according to the well known stopping power

dE Z1 2m.c?p? 2
- P~ 73 B,
dz AP

IRV e ey o
where E is the kinetic energy of the particle, z is the distance traversed, Z is the
proton number, A is the atomic mass, 3 is the speed relative to the speed of light,
D is a constant approximately equal to 0.30707 MeV cm? /8, p is the density, m, is
the electron mass, and I is an empirical function of Z which represents the average
ionization potential of all electrons in an atom.®

The important features are the inverse square relation of the stopping power
and the speed, which results in the Bragg peak, and the direct dependence on the
density.

ASTER (a third definition here) means star (as in *). When the antiprotons
have come to rest, they annihilate on a nucleon. Outward from the annihilation site
stream various particles. In a bubble chamber photo, this event looks like a star
(Fig. 1). Among the particles produced are charged pions. These are of sufficient
energy to exit a target the size of the human body, and of sufficient mass to be
deflected just a small amount before emerging. By detecting the directions of these
pions and tracing their paths back to the intersection point with the antiproton
path, the annihilation site can be determined precisely.

In this way, the range as a function of energy, R(E), can be determined for the
target, and R(E) can be mapped to p(R), a density profile.

Simulations of ASTER imaging confirm the estimates of the number of an-

tiprotons needed for a scan, N:

2
vol
N . Yolume _ (ov p
AzAyAz Az dp
where the antiprotons are assumed to be travelling initially in the z direction, Az,
Ay, and Az are the step sizes with which the beam is incremented in the various
directions, oy is the error in determining the vertex, and ép/p is the contrast

resolution. To image a slice of 10 x 10 x 0.5 cm® requires 2 x 10° antiprotons, for 1%

contrast resolution and 1.5 mm spatial resolution within the slice. To image a whole




organ might require 20 slices, or 4 x 10° antiprotons, well within current production
levels. The corresponding dose is about 200 uGy = 0.02 rads. Considering the
biological effect of protons, the dose is about a tenth of the natural average annual
background in the United States.®

B. ASTER has advantages over other tmaging techniques.

ASTER appears to be lower in dose for comparable images than x-ray CT,
as shown in a comparison of an ASTER simulation (Fig. 2) of the imaging of a
Plexiglas and water phantom and the actual x-ray CT image of the same phantom.
The phantom is an 8 cm diameter Plexiglas disk inside a 10 ¢cm diameter Plexiglas
cylinder filled with water. In the 3 mm thick disk the letter E is engraved to a depth
of 1.5 mm. In the simulation, this cylinder was immersed in a rectangle filled with
water. An x-ray CT scan (Fig. 3) was made of the cylinder in the plane containing
the engraved disk. The dose imparted by the ASTER simulation was 100 4Gy, over
two orders of magnitude less than that imparted by the CT scan, approximately
30 mGy.

The table in Fig. 4 gives an overview of ASTER with other techniques. No one
technique seems better than all the others for every situation. Similarly, ASTER
will be complementary to the other techniques. Nonetheless, ASTER has potential
for lower dose, higher resolution, faster scans, and imaging of elements as well as
density. Perhaps most importantly, ASTER avoids the uncertainties introduced by
nack-projection techniques. Finally, ASTER is a flexible technique, as the following

d’scussion shows.

C. The scattering of antiprotons does not sposl the smage quality.

There has been some question as to whether the scattering of the antiprotons
off the nuclei will irretrievably lower the resolution of ASTER. In water, the antipro-
ton beam spreads out with a width of o, = 0.0195R%°%6. There is a well defined
centroid, so resolution can be maintained by increasing the number of antiprotons
used. In heterogeneous media, one can imagine that some of the antiproton paths
will sample regions of different density, hopelessly convoluting the relation of stop-
ping position to density profile. However, this is not the case, as I will show by

considering iadividual antiproton paths in water, and by showing successful images
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of highly heterogeous targets.

In terms of individual paths, it is reasonable that transverse scattering will
not ruin ASTER images. This is because the average density in a small region
is obtained from the difference in the mean stopping positions of two cohorts of
antiprotons with nearly the same energy. In engineering terms, one would say that
one is looking at the difference between two integrals, and integration suppresses
the noise.

Fig. 5 shows the paths of many antiprotons in water. The horizontal (longi-
tudinal) and vertical (transverse) scales are the same, and the three dimensional
paths have been projected onto the plane. Next, I considered only the antiprotons
stopping in a small transverse bin. If the initial energy of the antiprotons is varied
just a bit, the antiprotons still sample the same region in space. That is, a group of
paths stopping about R tends to sample the same portion of the target as a group
of paths stopping about R + AR. This is shown in Figs. 6, 7, 8, and 9. This is true
even though I have included the finite beam width in the Monte Carlo.

The sampling of the same region in space by the antiprotons is a statistical
phenomenon. Therefore, it suggests that the scattering problem can be overcome by
increasing the number of antiprotons, a method already required by the straggling.
To test this, I simulated the imaging of a “random” target, which was the most
heterogeneous thing I could think of. ASTER is a very flexible tool, and the imaging
can be oriented to best advantage. I imaged this random slice longitudinally, so that
each antiproton travelled in the slice. And I imaged the random slice transversally,
so that the antiprotons travelled through a centimeter of water before encountering
the slice perpendicular to the plane. The transverse orientation is shown in Fig. 10,
the random target in Fig. 11, and the transverse image in Fig. 12.

The heterogeneous nature of this target convolutes the longitudinal image more
than the transverse image. So for a given number of antiprotons, the transverse
image will be better.

The quality of the image can be shown by correlating the image and the target.

I define a correlation number C~!, where

C= Z Z(Pljk - p2jk)?/n,
5k




p1jx and paj are the densities of the target and image at the jkth pixel, and n is
the number of pixels used for comparison. The correlation increases as the number
of antiprotons increases for both the transverse and longitudinal imaging (Fig. 13).
The correlations match when about four to nine times as many antiprotons are
used in the longitudinal case as in the transverse case. So increasing the number
of antiprotons by an order of magnitude will overcome severe heterogenous effects.
After this increase is made, ASTER still imparts an order of magnitude less dose
than x-ray CT.

If the decrease in correlation is due to the heterogeneous convolutions, than
the effect will begin to show up in the transverse case as the slice is lowered deeper
into the water, so that the antiproton beam is more spread out when it reaches the
slice. This is shown in Fig. 13 by the decrease in correlation between transverse

image and target as the depth increases.
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Table: IMAGING TECHNIQUES
system CcT* MRI ultrasound? PET ASTER
detected | transmitted rf from acoustic ~-rays nt
X-rays induced emf echoes (& x-rays)
imaged electron induced discontinuities tagged electron
density nuclear in speed of chemical density
magnetization sound concentration | (& elements)
structure ” » density, elasticity | biochemical »
inference transform tran. or ver. transform transform vertex
source x-ray tube precession transducer decay p
detector x-ray det. rf coil transducer ~-ray det. drift cli.
spatial
resolution 0.5 mm 2 mm 2 mm ~ 1 mm < 0.5 mm
temporal
resolution 05s 0.1 to 100 s 001s 10 to 1000 s < 0.0ls
: dose 0.03 Gy (nonionizing) (nonionizing) varies 0.0001 Gy
¢ Fullerton, Gary D., and Zagzebski, James A., eds. Medical Physics of CT &
Ultrasound. New York: American Institute of Physics, 1980.
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HIGHER MAGNIFICATION SHOWING
INCOMPLETE REACTION IN CONVERSION COAT

ADVANCED CARBON-CARBON
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THEORETICAL POTENTIAL OF ANTIPROTONS IN
RADIATION ONCOLOGY

Mark H. Liebenhaut, M.D.

Department of Radiation Therapy
Lahey Clinic Medical Center
Boston MA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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Potential Radiation Damage

A) Direct Effects - Damage DNA Itself

B) Indirect Effects - Form Free Radicals
OHs
DNA«
DNAe + 0p ~—> DNAQO-
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Oxygen Enhancement Ratio

x-rays OER
neutrons OE
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Dose Hypoxic
Dose in Oxygen

2.5-3
= 1.6




Dose
250

Relative Biological Effect = Dose
r

RBE varies with: 1) system or tumor studied
2) amount of damage in that
system
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FIG. 15-8. Cross-section of the dose distribution that can be obtained in the treat-
ment of an imaginary carcinoma of the cervix, using a four-field technique with
%Co y-rays, 11-MeV x-rays from a betatron, and 160-MeV protons from the Har-
vard cyclotron. (From Koehler AM, Preston WM: Radiology 104:191-195, 1972)

Source: Hall, pg. 313.
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Source: Gray, L. and Kalogeropoulos, T.L., " Possible Biomedical Applications of
Antiproton Beams: Focused Radiation Transfer," Radiation Research,
1984: 97, 246-252.
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PROSPECTS FOR A COMMERCIAL
ANTIPROTON SOURCE

BRIAN VON HERZEN

ANTIMATTER TECHNOLOGY CORPORATION
HILO, HI

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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PROSPECTS FOR EXCITING EXTREME STATES
IN NUCLEAR MATTER WITH INTENSE
ANTIPROTON BEAMS

E. D. MINOR

DEPARTMENT OF PHYSICS
THE PENNSYLVANIA STATE UNIVERSITY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989

59




cen idha i e
!
i
]

.Y

e e e ——

EXCITING EXTRENE STATES
Y
MNUCLEAR NATTER

Ysiwe
INTENSE AMTI PRUTON pBEAMS

QUTHORS : E.o, MNiner

TOA\ [ 4] Jo.;
ﬂ ’+ 3 Pfunlytvﬂs'cu

R.bdiskep St

V. Havois Vaiveanty
R.A. Lew:iy

G6.A. S th

SOPPORTED 6y: As. Fores Of"‘?ce af 5‘30-:}'1F2¢. Re:_
A’“.v Fovce ’y,"'o-.: CU--.-J
USAF 4ot

U". NC".‘-Ouo' 5&7¢b¢¢ F.MJJ:OU\

WOoRnrs Mo f
o
ANTIPROTON TECHNOLOGY

MAY 10,108A
oML

60




H P —n =]
|

o PWC's
e COUNTERS

e DRIFT
- cHANOERS




\

I- - (
(
1 . '

foo n

lo:lhﬂ‘
ov (J,;)“”




S e

J-Cua\sou
nuithP TY

NUCLEAR QREfoNsE TO
Excivarion eperey €1

. =A
® f :/A % 2.-3 f'\e\J ‘f'ke n.u-c.(ew)
e-exc|'\'e5 bY -H&ev'u-\u\ C\Jufovm. oA

-0 @

( COua
foucl n.u.c!esn/ MEOH@

u’

——*O @ e

(el Ronguantotios)

o ZP E/g >0 gn'\]l the wueles das +td +
2,4, ...

63




(%Y

.
} |
v 4
Q—
RN
& E
< J
T D
vyt
VAN
+H
2 3
\V

Pased {

1

tannihilation at rest)

' Y i

d 4

(b) 1o InC

—— primordial

INC

® Q
°
A 9
§ ©0 o
®
H 10
1t ru%J I“IT: ! 1 . $b1‘
i 2 ¥ L AP 8
V.
A 3
o P31%d

catgow < Mur) 259 o0u
64

1 iFI cﬂs“"" ’. ’M"S. 0‘-\‘&“‘”00\, Pagfp‘..:r' L:E\’t‘
E.ﬂ"'-GJO\., E-O"’. U-(c.d.. Py!y."g &.ﬁ-&.:“h“




ReF: €xPt PL.ACGangior eta). Phys. Rov, Lett s6(1a%6) 25T .
(M€ TCagmon, P Peneye, T. I JY PR | f.q-z-f

rr"' UM‘.“ \ ' (A Cv ‘a\\
- ) GbEﬂCWc =1 T (0% MeVle
= p+PU—D "+ X ] L ; p+2C o +X
Ll am ¥ 1 : | = v
- -’o‘M' = 10° q‘b",
= ) X P ~ . | el ]
~ L4 bt ’\ B L 4 .......
S5 0°t oo 4 %%,
0 i e E K * %
5 ~"00... ~ L
o e exp. ’~., O 107 * P,
° po! L E 2 o o,
5 o INC 5 s
° (a) 1 - (c)
w - Y A A 10-7 A i i e
1] 200 400 600 800 1000 ] 200 400 600 800 1000
p (MeV/c) p (MeVic)

M Gauwghey et al.
W

3

5 €3

; URAR (UM CARBOM
PS183 URANIUM seszesen ses00 PS183 CARBOCON vafraem_3::
v o T o+ r o+ :
2 R ittty
! ' . N"Wﬂ" ‘L " g X
N o Se¥n - ) Pt ;
) : by b :“& +PSi83 ! 'li‘“ +P5183
T ez b LY { '*l
- ”. d {”
g " - |
[ ' I Uy
e - i
- ?!# - | “I
_ M ¢
107 ﬂi’ - l {
; |
| T |
L 1ll| ; ll |
| A ||| ”}
.q L I | ' A 1 i A 1
o 0 200 400 600 800 200 400 600 800 1000
Momentum, MeVv/c Momentum, MeV/c
65
._‘P'. Ve g.ﬂn-.-.dn.’ E,Olc"'. Uq_lmu.“ Pu‘.lnjt Cone mucnicalion,




[

R RGP '—"“-‘n’—“w‘-.<..§*—- — i

URANIUN NT

{PSH) ( ot vu‘fs g
R¢Gaughey ot al. (¢8% NV )e)

CAROON n"

; ey 3 PST85 URANIUM s PS183 CARECN S
: 2 40 s/20/39 38
' « ™+ T+
| <
3 35
s | 1
gso - ;:i;iighey et al. ° ° ;ii;iighey et al.
'y
“
25+ .ﬂtmlﬁ . I““
i |
?} o T ‘”I
20 - Pl I ] ”
— l" .o
[ J " P l
15 - f ° II R |
} )
\. " ° ﬂ'

! | 0. *l} . ll

10 o. I;I Jiil

o i |”
e M ° l(
{
SF ) ° En,; JHIM
h, il
c'. ........ . .'l,‘” ‘
¥ P 1 [ ) 4 . \ L e
0 0 200 400 600 200 200 400 600 800 10C0O

. Momentum, MeV/c

Iw‘ha»"’.‘ RaltipliciTes®
S‘o’ro‘ ;

() {

¢ol "'\”c ;

Momentum, MeV/c

CQQ\QQ
Lt
0Aa6

Vvanine
o.ql}

0.6




PS183

—Rss20coe  s3ee3 .
4O

HOTOWV S
as | | Pro ne—» 2y
NSy
30 |- ——myarogen 'Vl—93ﬁ°"‘x

® Corbon

® Uranium ,\_a nox té q‘

[E /e per 10 Uev

wne§-»3Y
ISR

() F Pn&u c"’w—.

LMY o000l
L wY To.attall
VA LI SN
er"?? [R

® Uranlum
& Carbon

25 - ——HydroQaen

EVERCY -WEICGHTED 3FPECTRA

20 -

15

1oL-

1 i} A 1
o 200 400 600 800 1000
Energy.MeV

To‘h..l Ewev 9 '1

R_.'_E,_*- Adrels, et ot. Phys.Lett. 1520 (1xFE) 40T .
Roy,JT. Proc. of the Foucth TN Sywp. on MO Tutesations. May2-4, 078 Sppaccse .Y,
J~ c"“"“", f. 00-\:.,0'3- Vandev nacnlloy, L ?92. r""""‘

67




ENERLY TRANSEER
= = - LD LED
:{, {
LEg? €z Iy
{MeY ne\ LNazy n:\, I'!.:‘:JT i-i;e\t’u!
CARBON [3.42ro22]1aCEl [ 2. s93003| 3B5TL [1206248 | 120248
URANIUA [2712008 | 1§5E) 23100 | 39722 |i13s0F34 | 4q1r3y
confPpgisors: S xene
CAROON: = Hermmder, €.0set (Preditinl) 21§ NeV
(w=4) J
M.
P. Tumeloth ctal. (Peedichs) oxvoen 280
neV
JRAIVNM &. Hcvnuacﬁ £.0sct (ffoé) 44l fte U
P. Tasrelette et al. (Poed) 330 Ne
£/ Futee & shario-
Thewat .uu.ro—lv*: e
<2-3Ah\V '
- . ‘P m""«-‘\'-“*
NWLTQ '“3 . ) d.f
?Il”n‘u ..+ Ye ...,:".o--f, JU, -
*“l.” “"~ 3
>7T neV ‘

R4t Armrteemy, TA, ot al. 2631 €. Phyo. A2 L1ASR).

E. Hn-...J.; aed 2. 05, Uu'eqcta. Private co—--—-haj:u

Ja.ncl‘-ﬁc, '.) of. ol Macl. f‘\, . AYTY (1983)5Y2,
68




Et(res) (MoV)

EXCITATION ENERGY ET

P +kio
J,C on
s00} H.:‘:a:rf
‘ b=0 B
.m‘o:"_ /\q
u:- : | EV SCa.‘.e: by &'Fa.¢+cv
30 I[ O'F -5- he*WCQu
} ot oy (t.-(w+'|0'\ q.T ve ’T
300 and F ot 2.0 GeV
¢ « rest —
't w0
Tisb {(GeV)
A ——
6 a o o 2
- " " n
£ c £ A
1 e cfzf;%o &le > 00 =
- , v
AL J\A‘L\J‘u =
o " - A Z
. % § o\. 300 =
2Fx .\.@-'_"‘ .vzoﬂgﬂ ::To‘\\-\ c\):d‘l‘e K.€,
Jatse Lette etad. ?
Nucl Phye. L UN Uraciom
663 1n31) ° )
! | :
0 08 07 200

P

- U Van: e

ann: Wi \ a.‘\"s own

E¥= 1876.6 — E7 -Wey = 226 M\

Su.b cws 'l"_l-g_(

ET=8x E"(vest) = 1,133 ReV

=

69

5,,3(),.1 L GeV:

A\ Ap—

« 76 MeV
.‘ Malt ‘Fa...’ et} co‘\!




s,

WHAT'S

E VEReY

THE

u:mad/wm

W(E)
Mev?
-

Ag =2
Zo* a5
Eo® 6Ag MeVv

MN‘ [ 7 ]
F/“‘-Smh-"

Raege (T085s), T

Cvos» Sec'f'-...)c
Nean ng, ’.ﬂ"’,\
\I'n eld

1o
E MeV

POINTT

0rvsTe, (Av2Y €racy)

BOT"““. h-’. c:T.-\‘
sl Mg, AYTe (1as1)06d

1 14
ALy W
1y 1 4
N Ay The Hoppray Pomsn
P - ° ant Range o Toms
(0'A o.5 x0T/ T ikl
3::;;;;.3.'.::7-0‘_‘
Dew Jor RIS
fﬁ -~
5.36 b 3 b s ¥ 10-b
-1
16 . LA e, ,\z(c— %{»)
: 6-, [ A T
11’.-»‘0 P) ...lr'vlo P’ Y: -/—‘\-R;

70




STATUS OF ASTRONAUTICS LABORATORY
STUDIES RELATING TO CONDENSED
ANTIMATTER

GERALD NORDLEY

APPLIED RESEARCH IN ENERGY STORAGE OFFICE
ASTRONAUTICS LABORATORY (AFSC)
EDWARDS AFB, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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ELECTROMAGNETIC TRAPS
FOR
ATOMIC HYDROGEN OR ANTIHYDROGEN

ISAAC F SILVERA

DEPT. OF PHYSICS
HARVARD UNIVERSITY
CAMBRIDGE MA 02138

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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ANTIHYDROGEN PRODUCTION
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Anti-Hydrogen:

Formation and Applications

Presented by:

Arthur Rich
Physics Dept.
University of Michigan
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Anti-Hydrogen: Formation and Applications

1 - Introduction
11 - Methods of R Production

- Overview
B- SpeaﬁcMet.hoda
J tet+p—R+hv (L_pase-and"recirculating e* beam)
i e*+ptnhv~fA+(n+hv (n=012.-)
Wi Ps+p—H+e
in prettet =f4et
I - & - Applications

IV' -~ Conclusions
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ASV!

H APPLICATIONS
TCP Tests
Hyperfine Structure
Lamb Shift

Fine Structure
Electronic Structure (Rydberg) and mp (inertial), up
Production of Polarized p

i. Transfer of Polarization from an Initially Polarized e* Beam -
et(1) +p —H(1) = et (1) +5(1)

#. Optical pumping, Resonant Ionization, Lamb Shift Spin Filter -
et +p—H; H+nhv = H() = p(1) +e¥(1)

Astrophysics

H+H—[pp+Ps; p+p+Ps; pp+et+e™; p+p+et +e)
H+H—~H+H

H - Gravity Interaction

mg (inertial)/mp (inertial) - [w(H - hfs)/w(H = hfs)]

mg gravitational -

Atomic Physics

H + Matter — j+ et + Matter (stripping)
H + Matter — H + Matter (elastic and inelastic scattering)

H - Energy storage
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f Probuction
E Energy Ponlt:’u. CAgtnre Method Applications

S 4
e ) et +prR+he
]
. -m;“" b) e* Bl R4 (n+ 1)
]
Deceleration o) € HPte Ate
& Stochastic
Cooling d)e* +p+e > Hee”
I .
’ -
-w—so_s - ) Ps+parfte

Sc
orage x Z (1) Spectroscopy using

Doppler-shifted lasers

Level 1 Enargy
2) Polarized ;;
@4% 50 Hav :
Q! e 0.1 eV J) Lamb shifc

Deceleration ei. F Mﬁ 4) Hypecfine structure

(rQ) (pLEPA) wprilac]

E e, (ol TF

I ey . etad. el e) -

@

Level 11 I 1) Lamb Shifct
Electron &
Bolometric 3 keV 2) Uyperfine structure
Cooling 000K~
1000 K;loo K i:l 1008 J) Precision spectroscopy
Leser 4) Polarized p
Deceleration
and ]I
Cooling ) Precision spectrouscopy
, in atom traps
-0 Level 111
- iermal .
8 = 100 - 4.2 K 2) Gravitational interaction
Trap 6 (c) 3) Compact energy storaj.
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ARAN

fi Production by Radiative Recombination - Projected Rates (1 pass)

Assume equal area, non-relativistic,  and e* beams. Then

Rie* + p— B+ Av) = n(e*) <aule* ~ o> (N(p)n)

‘where: n(e*) = e*/cm® in (e*, p) overlap region
10C ~**Ne | Rammerclenlom
/\&—, P——
e” Source — O] (4x10M)x (1074) -

( A(L =vx | sec) }0" cm? x 10'° cm
X et IA A L

m—y— ‘ wat= .((«C)a —1C/
L=arxidec [% &__“ Ar—/’d/u;'

o"(oo-)c) = zﬂi.(ﬂ'd )( ) (P ]" 27’ cwm?
r
o= ~30 ~asn /A

- asvae (4% 10~2%) x (3 x 10'°)
< My emmmstm g
7>~ 2 B> 6x 10-¢

& k"l;v oleV

N(p) = number of P stored in LEAR ~ 10" (&fU- 10"

~2x 107! cm®/s

n = fraction of p ring overlapped by e* beam = 4m/80m = 0.05

R~1x (3 10-%) x (5 10°) ~ 10-*/s ~ 30bc™ ( 347)
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H Production by Radiative Recombination
Using Recirculating e *
Ix /a:\“ 10" ( f""l:" 4
o — 0 ocap.
R 489 8) (e Y ,7,1

(a-nf>~_-f_!_¢ ar. ~107'% 107

Y- ,oa wam and Ll ld
Rle* /s)  (4x10") x10-F

~4 % 10f cm3

T A(L=10cm) = 10-* x 10°

- accumulated, cooled, pulsed and recirculated (10 m e*
storage ring) -

NE)Z
R(e* +#—> B) = (4x10) x (3x 107") x (5 x 10') ~ 6000 /s
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fl Production by Radiative Recombination ;
Racirculating ¢*and Stimulated Recombination
M

3"0.13 < .01

.‘aﬂ M
—— 2
Rie* +p— 1) » NeRE e fo?
Racaed. 4..!4&.,(.&4 14eC
R(e* /s) (4x 10'*) x 10~* s -3
etslug "= AL=10cm) 107 x10° 4x10° Cm
f— — -

e* - accumulated, cooled,pulsed and minﬁhtedﬁ m:nonge ring)
g ¢¢a,.~b’yb'

i) puleex )

o o, /oonw)

et STrage xivy (7~ <

,»,1__5,_; Jast radsidion (Putua)on € W)-

- *. o
) 4
l‘l’ G = Stimulated recombination gain factor (e* +p+hv— R+20)=

- n' J(MW/cm?)
?h v 7 (Z/01eV) |
luws.m.u.(,\c'.,f;\,(_l-ﬁ)naumform..z) fﬁ g

thea G~ 16 1 for T~ 0.1 ¢V S

Commercial 20 MW /cm® exgmer laser (250 Hz, 20 ns puise) G ~ 10
Finally - J.{ f-.er et madibee Lacon (At“/f"‘)
MNg L '\I' 7 .
P ey, P e J‘h *
R(e* +p— fl) = (4x 10%) x (3x 107'?) x (5 x 10°)(G) ~ 6000 G/s

CW-(cofco, ~20W), m>i0, E 0’ _é«?_"

M—Wm:.a/ el eonsrgalir protlova
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Positron recirculator
a) |[circular device

ExB .,
circunference: 15 m, vacuum: 10 Torr
sagnatic field 200-600 G, @' energy: 20-100 keV

b) [linear device
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H APPLICATIONS

TCP Tests
Hyperfine Structure /\/ nJ /07 0{4 //»’! T ﬁ‘“d 3-
Lamb Shift !

Fine Structure ‘
Electronic Structure (Rydberg) and m’ﬁ (inertial), up
Production of Polarized p

/
i. Transfer of Polarization from an Initially Polarized et Beam -

e*(1)+p — H(T) = e*(1) + (1)
7le?) eyt Flet), PP)~4 Fle)

1t. Optical pumping, Resonant Jonization, Lamb Shift Spin Filter -
et +p—H; H+nhv—H() = 5(1)+e(1)

Astrophysics

H+H—(pp+Ps; p+p+Ps: pp+et+e™: p+p+et+e]
H+H-H+H

H - Gravity Interaction

mgp (inertial)/mp (inertial) - [w(H =~ hfs)/u(H - hfs))
mp gravitational -

Atomic Physics

\
H + Matter — §+ et + Matter (stripping)
H + Matter — H + Matter (elastic and inelastic scattering)

H - Energy storage
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/2,

L H_hfa (m=1) e* F ' ’___l/fiﬂ“)
M f"w %) 7R+l
- < [IS’G-‘I/;, P=10% N“/o[(ﬂ/]
S bt J.( ?-3T) #*ﬂ:«; g;d&

¥s . (L (hfs)~ /ocm)
2. H FMnLn_/u- B—/m,ﬂl e"’-_g,«&'{;_ﬁ;
(/2) ? T—>¢T-—>4+'ru
tf2 + 1‘4-\[, ¢+7\
(/)?J"*?LZT;;WA'/‘/?
Vi) -r["fr("'“?e”"T +¥ ] {\*’

¢ &OT=0

1‘r=77'

3. _.ﬁ_ -73{%.2‘ . o

N(-NCY) _ +-L) 2 (pe)
P(F )= N(T)+N () ‘( =% (Pe)
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Polarized p - Projected Rates
Rate My

W Lw/‘ ( 2 9
- - G ~lo -0
°‘r N(E):z ;’ )
Rs(et +p — H) = (4 x 10%) x (Z% x 10-'2) x (5 x 10%)G ~ 600 G/s
5x10%) ~ 6000G/s
Fudurce (?)

Polarization
1) If no attempt is made to maximize P(e*), P(e*) ~ 0.15

2) To increase P(e*) use Be absorber to reduce low energy e+ from
beta spectrum (recall Pyoag = (v)/c)

3) Maximize P2l = P(e*) = 0.5 but ng = 1.5 x 10% (200 6‘/“'}
(4000 6/+)
Result

Rs(H) ~ Rs(p) ~ (2 x 107 - 2 x 10%) G/day at P(p) = P(e*) ~ 0.25

©o111




Polarized p - Projected Rates and Uses

(P + p

=+ + x~
p-}-p-—o(
Kt + K-

\ A 4+ n

Ay = 1 [’T(TITI) =or(l5ty) —or(15l) + or(lslp)
PPy lor(151) + or(151p) + or(15lp) + or(15lp)

where P and Pp are the longitudinal polarizations of the antiproton beam

and proton target, respectively, and the or are the measured total cross

sections with the sense of polarizations indicated by the arrows. A similar
asymmetry A; could be measured for the p and j polarized transversely to
the incident p direction. Each asymmetry could be measured to a precision

1

5(A) = W_—_mu PPy

where Neyens is the total number of § interacting in the target. If the
target thickness is chosen so that 20% of the incident p interact in the

target (a sufficiently small fraction to avoid degradation of the asymmetry
by multiple scattering events) and given Pj5 = 0.25 and Pp ~ 0.12, (Pp is a
typical value for the effective proton polarization in a hydrocarbon target

with 70% hydrogea proton polanutxon) then in one day of running one can
attain

*x

HA) = &y = £001]
# A,,(ff/:@.lf (fL“,:I_“G.V/c) 112

7.
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CONCLUSIONS
HISTORY (e*)
1932 - 72 HEROIC PERIOD
1972 - 85 R(slow e*) ~ (10* ~ 10°)/sec
(e*/cm’) ~ 1
1985 — R~ 10%/s
a ~ 10%/cm’
FUTURE

INCREASEINR, n =
1) IMPROVED QUANTUM ELECTRODYNAMICS AND SYMMETRY TESTS.
2) e* PLASMA. |
3) ¢* IMAGING.
4) ANTI-HYDROGEN.
5) BOSE-EINSTEIN CONDENSATION OF POSITRONTUM.

(Aug~m")
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ANTIPROTON CATALYZED FUSION

1 T. E. KALOGEROPOLOUS

DEPARTMENT OF PHYSICS
SYRACUSE UNIVERSITY

H PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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P _CATALYSIS

(P) +d — pdd)

{1&50"8-% 3 NuCLEONS

———

Charge =+ 1

ExpPecTeds Rare(Ofper(z) EsTmAaTE)
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EVIDENCE "

@ COMPLETE S7TuDY 6F 3223 P ANNIHILATIONS

(PRL 33,1631,19T4) ResSoLTED /N

SEVEN Zo00” FvENTS

o 200" FVENTS ARE NOT:

OR

PrD —>=(PT) +P (R..)

wis

> Mesons (Q=-4)

— (FP) + o /r(i'vw.

L mesons (Q=0)

TWO INTERESTING EVENTS
B+ Hefdd) —= 2P+3n 21"+ 1
P+ X —>3p +3r +2m+ F
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aa

FRAME 2&8512¢C EVvenT (Twe PROTONS )

3
3
;:'
o

s D P P, é LommegnNTS

= bl Pz

(1) -L3.62.k L2.123 368226 19E:1%k 176223 -25u218 39kz22k

£=(2) 23.22.2 101.6€2.2 16328 -32=1 25827 106k 23826

£7(3) <42.C=.b 255.62.h 15230 -T7=6 -299222 -276=20 Ak38:228

(L) =k2.72.7  3.72.7 253218 186213 €22 -1Ten2 28926

¥*(5) 53.52.3 3kk.62.h 255215 1k629 k023 20502 29143

P(6) -21.027.3 33.223.9 169 239 -76 -6l 958 sTopPs(l.8cm)

(1)  50.5:.3 179.9.3 533235 -30:z2 oz Llis2 Jotemy  ouwt (26 ¢m)
2215 74226 -43:2k2 3687245

Pi2d -» zpfsn::f von (9922 48)
PiHe—» 2p 431 +3n’ » MH(955244) |
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wrack

(1)
x (2)
=(3)
(&)
=*(5)
»(6)
»(7)
P(8)

FRAME 285082

€
..z
-45.€6=.2
=33.02.09
51.8:2.16
10.72.1
-30.62.2
30.9¢.4

=34,72.5

<
105.k=.06
302.k=2
221.0:.06
99.7=.2
iT7.k2.05
99.6=.1
2€.1=2.2
335.32.4

2
Lok=216
257213
29L27
22025
27027
L12s

129,
250

2b

EVENT (TUREE PROTONS)

9k25 ~15k=§
-123:h 30724

=2222 12829
-26527 1220

-2k g3
1231 6o
2872 -8€2
<1bk221 557224

i
It1

COMMENTS

2
20 =8 L28xs

-18k 29 293213

<106 =k 23926

165 N1 252212
50 21 30L=6

-22k 38 103626 ovT (33¢md
g2 952 stTors (1.6cm)

21k222 CTI20 s TEPs (7.7cm)
-1b9228 Wrs 225

P+ 7’6/3J7‘ 3% an" +3p + my (-434 04 ;,,ﬁ/,?)
wer A T )
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SPECIAL ScanN FoR 200" EVENTS

® F}LM FROM DISTANT RUNNING PERIOD THAN THAT

o r'd
FOR ‘CompLETE STeoy

o TEO7AL P EVENTS SCANNED L0

oo’ EVENTS Foory D 2|

BR (zeo) =(224200%5)7

o COMPARES WELL WITH TAAT 6F CoMPLETE SCAN:

BR(200) = (0.2274008) 7,

ARE THESE EFVENTS EXAMPLES OF

,'5- FoSsan CATAL‘/SIS?
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Lansd)

\-—‘,— — e

o Seconopry InvzeacTions 1 NO!

'.EU Rate of 200’ eveuts
w100 Times The expeded
role for secondary
inleractions
2) KE(R) +KE(RY > /40HeV

which is net satistied
i'n the twe specia) evests

o CHAMBER CINTAMINANES Such AS N /o ...

—~Typical resvlts of chamber gas 1, % :
0, (0.05) ; D0(0.4); Ho(0.04), Hoo(s.66);

N, (02) .
OThERS 'bmrrn:muus':

—BUT in D,-Liquid r#ese contanminants
Shovld freeze out !
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K WKAT ﬁBOUT ?/g 4

) — From The evewl which fits B+ e we
eshmale fm\}/a priory prebability a
lontaminclion from h’( of ~ /0/9(.0

— 7This I1s-met in /fne Qith BKC’?“'J,

4; CONCLUSIONS

(1) P-Fusioy CATALISIS iv L10vid D, DCCves

WITH A RATE £1/7100p

. 2) _Z_',t POSSIBLE ‘/“/e (ONTAMINRTION AT
A Lever D>/ (ooed BE EFxCLUDED
TWEN A Go#d CANDIDATE EVENT FoR
E/ D, Fus/ov INDUCED REACTIIN HAS BEEN
OBSERVED AMING 3000 ANNINILATIONS,

(3) SEARCH foR P Fusien (ATALYSIS AND ITS

PROPERTIES |S A GOOD CoMPLIMENTARY RESFARe)
To M- CATALYSIS, '©




ANTIPROTON INDUCED FUSION REACTION

W. S. TOOTHACKER

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA

Note: We regret that copies of the transparencies used in Dr Toothacker's
excellent p.ssentation were not available for inclusion in the proceedings.

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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OPTIONS FOR A LABORATORY
MICROFUSION FACILITY (LMF)

BRUNO AUGENSTEIN

THE RAND CORPORATION
SANTA MONICA, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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MODELING ANTIPROTON - PLASMA
INTERACTIONS

( ANTIMATTER THRUSTER MODELING )

JOHN L. CALLAS

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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DETERMINATION OF RADIATION SHIELDING
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UNITED TECHNOLOGIES RESEARCH CENTER
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PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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INTRODUCTION TO CP VIOLATION STUDIES
WITH Pbars
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TEST OF NON-CONSERVATION IN
IN Pbar-P to Zbar-=

A. M. NATHAN

DEPARTMENT OF PHYSICS
UNIVERSITY OF ILLINOIS
CHAMPAIGN, IL

Note: We regret that reproducible copies of the transparencies used in Dr Nathan's
excellent presentation were not available for inciusion in the proceedings.

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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STUDIES OF CP VIOLATION WITH
PURE Ko - Ko bar BEAMS FROM P bars

JAMES MILLER

DEPARTMENT OF PHYSICS
BOSTON UNIVERSITY

Note: We regret that reproducible copies of the transparencies used in Dr Miller's
excellent presentation were not available for inclusion in the proceedings.

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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SEARCH FOR CP VIOLATION IN

Pbar P —> J/'¥ —> A9 AObar

G. A. SMITH

LABORATORY FOR ELEMENTARY PARTICLE SCIENCE
THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
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HIGH RESOLUTION HEAVY
QUARK SPECTROSCOPY

WITH ANTIPROTONS

NOTE REMARKABLE SimiLARITY
BETWEEN SPELCTRA OF cu:enoag;;m
ANO Posi1TRONIVM ="

(s) Charmonium levels
¥{3767)

fa/m M, ¥'(3685) 00
—_
2N ~~
sl NS, / ~< J[(3507) ST
T’ / 23814) I P
M/ // -
// / /Jﬁ//
/
/ ¢{3097)
—_— -
30} 7(2978) { y-decay
‘ . Hadronic
“ decay
L 1 N
' g 1-- Q 9+ 2
c {b) Positronium levels JIe
3
£ | "==.. .
. nwml M1// . ~-._‘~ 3p,
/ PRe
Ve
M‘V 'S // PRe
..M -7 8
~ , 4
A \\ //
T —e S,
od e
——
oW "
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R704 (LSRR

L.G.
JET TARGET -/
A.C. L
ﬂl-\ ' ARM 2
_ R Z
0 7’
PRODUCTION ,
SYSTEM " f
Ha : 8.1,
PC,
t 3
. MWPC'S e piee
¢
|
SINK
SYSTEM
[ :. 7 ARM1
| S0em
Table 2 _’ ' —’ o
adle
pp = J/¥ = e*e” runs I P /w ee
Run Date Vs fLdt Events Mass
(MeV/c?) (nb~" (MeV/c?)
1 11 May 1983 3096.7-3101.0 10.0 16 3097.05*9:32
2 19 July 1983 3095.8-3097.5 8.0 13 3097.3523:32
3 26July1983 3096.4-3097.6 18.0 14 - 3095.69% 538
4  3August1983  3096.4-3097.0  21.5 34 3096.66 %333
5  22March 1984  3096.1-3098.0  63.5 81 3096.79:3:1¢
6  $April1984 3096.7 20.0 35 . 3096.64*3%
o
C.Baglin et al, Nucl. Phys. B286 592(1987)
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0 1 2 3 4 S5 6 7 0 1 2 3 4 5 6 7
: Em (Gev) Eve (GeV)

ToTAL ENERGY (G:E@: 2007 e

N b
3.6 M (CeV) . 3.6+ m,, (Gev)
szt s} £ ls 371P
) ons
28| 28} <

24} 24}




®
FERMILAB E-#60 |
FERM| .AB~ FERRARA ~ GENoA- TRVINE
NORTHWESTERN -PENN STATE —Tar/'NO

FORWARD

oUTER
TRACKING
CHAMUER .
CERENKOV
\fom&nn ! —

TRACKING
‘QAHOER
g x
7

FORWARD
CALORIMETER

P \
.....

C.

CENTRAL
ALORIMETER

INNER
TAACKING
CHAMBER

———
§ .
H2 J .
SCINTILLATOR
MY
- SCINTILLATOR

INTENSITY

P MOoMENTUM

69 KeVv

=V s
7z A &

STRAW
TUBES

GAS JET

- a

N 2Ty pp—) ..BEAM
ma CIRECTION

N4 ELECTROMAGNETK

CALORIMETER

35,-’ e'e
g > Y0

E'rP_9 35,)’

. LreTe”
etc.

OLLISION
POINT

wur . meres

Mass ResoLvTioN(E-760)
~ 30 KeY

_.
v’ .
! ! ’
. ¢ + .
I .

1-1108

Fine, HYPERFIN& STRUCTURE ; «
AM=a<Lof;;bR;1;;+f’<Sl-S,> : -._o ———— .0.9.
°5. fBSHcV ' : \Lq——mb Jat
b~ Y0 Mey ? - \- .

C = O Confmement N L~ Ja0

Im "c.q!qr ?i [ 191 -

slvonnc £ielde} SPIN ORBIT TENSOE_'H_YPERF"O&'




37-6503-2

192







.7

S . L
ANt hh 3 (199Y 150d)

- o = Y937 . : o
AYrzo Tx0) 520 15 p 4 74
| .. %
(137s0g9) S W 0] aonnmuw
. =2 e
wot el _9 :
303N0S NOLOYdILINY -~
; .. wu TR PPy \\\‘.\\\
| P . .
| A :
| et}
| . CrIyop
| =" " 2YLS AN34
ﬂ | . NYILSIMRLB o fN
| \X,.q - INIAYI
m vq.. 1331 11008 o*w.m caz une
| | " yuwvav3dd

nc.:ttm..)




LOOKING AT CP INVARIANCE

AND QUANTUM MECHANICS IN
Yap —> AN DECAY

MH. TIXIER ET. L. "PHYS. LETT 2i128,523(1988)

Y .
T ‘M) y’ -/ polarimeters )
AN Y " \
:/':'"\S' _____ a : ) ) W\M-@\N\NN re-
7 g2y P EINSTE{N-PoDoLSKY- ROSEN
EXPERIMENTS

CoLLISION REST FR.
P r

wesk decey (parityviclation)
Adusction =P T / \ )
POp!
[} ‘: a o :. L] o~ ]
—r T PR A
' 'n'..:

Fig. 2. Anslogy between AA decays and traditional EPR '('m

x o :r'-'-° ¢ '
ReEsTFR. N\ Rest experiments. i}
A Fig. 1.A. A, p. D, * and x= angles. N;ﬂ—'TORNQU|ST THYS.LETT. 1 3'

(847 T4y > AN EvEnTS
(8.6 x 16° Tfay DECAYS

:’°°i- 'L -L+ .
wol i
3 ™l STANDARD Phyfics

2 ol
2 TA/E : = O.‘!B’(J'/vzz Xp 20412 ! wl (J,Q ”+CP)

b)‘a ortho’oaol te N,'(%‘Pclarqata‘on) o ﬁ;;::":"';n‘j .‘
and X 195 B
z Fig. 7. The ¢ b distribution. MC simulation and dsta
o TEST CP, SET o(p = - K\ AR -ASSU‘ME"\& \fahd:t#
0§ Q.M. otz 1S EXTRACTED FRoM AP DisTripuTioN >
A

—tr =N NP1+ o.:o(-o.o‘r’w-o?,??“‘."fﬁif’?ﬂ:&’ig‘s

D CP InvaRIANT .

DN 2)No ASSVmMPTIoN
dcose onlon’ MNe AR PolARILAT

« 2 L1 ~(B/g)5im ©)(1— XpCinb)
(P fe2) simtoli- o (:B-20xby]




FURTHER TESTS OF CP.
INVARIANCE IN Jfp-> NN

o M
1)GOH 1 ¢ JO ERROR | N A J DonoGHUE ET AL
PRI 833 (1986

Z)PRESENT LIMITS. ~ )O-‘ | 2) L. WOLFENSTEIN,

Ann. REY. Nucl. PRAT.

-2
3)FirsT STEP => IO sci 36,1372 (1986)
E-760:Rare =(5x 10" em>$ V(16> e HO.13X10°2
. BR J, N
%(0.64)(0.64)  _ e
(0670 = 0.027 sec
A»pi NIPTT

ExTRAPOLATE DM2 RESULTS (2x10°EvTS)
To 10+ LEVEL (2 x )of EVENTS)

2 x 10°EvIS =7 2'x lo‘sec ( 2.8‘-mo-aths)

0.02% S&C
w“.l..’PR.oeﬂBLY GET DoNE FoR FREE

(SySTEmMATIC ERRORS 77)
4) NEXT STEP = Yok
REQUIRES 2x10 3‘/?-9/\"'/'@, OR ~sd°371,,59?
Jhy FACTORY @ §.% 107 eni” 562

BEST BET 1S PROBABLY ee
LINEAR COLLIDER
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RARE MODES OF NUCLEON-ANTINUCLEON
ANNIHILATION

CARL B. DOVER

DEPARTMENT OF PHYSICS
BROOKHAVEN NATIONAL LABORATORY
UPTON, NY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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PRODUCTION OF

]

| J™ ExoT\cS IN NN = mesons |
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PRODUCTION OF
T EXOTICS IN NN mesons
]
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<
I~ exdstic mesen 2

What s a
© T = total a.njuaax momentum

= ?41‘\'13 Lit)

¢ = chavge con iujad:ion ?ax{bj ()

—

J e exotic %uanfum numbers cannst
l dorre.si)onaL e a q(ua.v‘t( -o.n‘h;tuaurx LQ& )s js‘l‘em
as for ord&narj W\e.vSows (w, 75 £ .- )

0 = A= g —+ :
3“C - o ) O ) 1— axeé€ 'exo-{“c

Ezgvn?ﬂe;. :

5 yust Jave more wmplicai‘d structure

than QR — —
B&l&a>%3’.

T
exeitation of
t+he. éluonic

fiel
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THEORETICAL PREDICTIONS FoR MASSES OF EXoTIC:

| Te (117)
consider Q@g hgb rds? (o~ or.; ) & {TM (=)
'So 35,
: _yimta
lovest tying are S @TE =1 w% i‘%

Mass Estimales and. Dé.caq.‘s .

i) MIT Bag Maold__(goxnes Close ,deVivon , NP BR=4 24/
Cla'33

M(fﬁ)x |.4 GeV M(wgyﬁ-l.SSGev

(chanowita  Shavpe NP B222,211(1983) qwve La M!
hanowite, Shavp spltting ) gwe Lavrger Mls

2) Flux Tube Model (Isgur, Ko&osﬁu Pai‘or\ PRL 54, 369
(1985

M(g)= M) = 1.9GV Lalse 05705 11),27 (031
Selection Rules: § = nt B 7D ; Py A>T, TP, 0w, k¥
3) RCD Swm Rules (Latorrve etal, Z. Phyo. ¢34,343(83
Mgg) = 1.6 —2] GeV
g, = g, KFK Lange, € = ™M/ Su.fapresse&
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e . e ——

andiolare_ior a J:"C exstic Y€Songnce :

D.Alde et al | Phyo. Lett. B20s, 397 (19¢9)

reaction Tr"f - X°n

N
] 7 )
X° seen as inter fevence effect (qsymmtbrj>

wakh TY-P - AP n
Vg (222)

X° 1s if)"m(lc')= 1‘+(1") exotic

M= 146t Mev | M = 1% 30 MeV

Nete: X should be accessible in. By = TX
‘H«QMK gar arfimu.m L‘)\ﬂ.vsv\e\s
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€ <ot
2

1) LEAR « CERN

JETSET , CRYSTAL BARREL  OBELIX

2) Brookhaven AGS ERIY C%unj et-al
TP &P at 12 GeVie

Decay chain : fgﬁ—ﬁ v ‘&_ﬁ 5,'__”__ B
) L KR

- — + -~ —
oVeJra.M reaction ) F'-) K'w 3w F

3 ) WE K [.'Ja.Fa:r\ )

T\"P‘ﬁ _?3-? at~ QGO-VQ

De.ca% chawn : fj' =W 77

Y
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Protluction o{ J'"c eXof-‘tCS n '!3?—)“'07(0

J™1°) of X NN(L=0)2T3%%%) | NN (=) T )

0™"(0") 335, (4 =1) —
0™~ (1%) '3S, (& =1) —

0~ (ot17) - —

0"~ (07) —~ NP (g=1)
o& 1) —~ P (g =1)
o' (64,17 — -~

1= (p*) W 3, (&=1) 33p (&=0,2),%7R, (4 =2)
1 (17) Py 'S, (&=1) 37, (40,2), "3 (4 =2)
1™ 1) — B

C conservation is S‘{*nonj constroint !
See X0 with beth Izo,i
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— +
Production of Jre exotics in PF-)T\' x¥F

JE@ECef X | Fpleom @) [ppl=n T XT4)
DT (1) 33, (=) 30, (4.=0),"*P, (4, =2)
0~ (i) 33, (4=1) 330 (4=0), 2Py (4 =2)
ot () S, (& =0) 30,27, (¢=1)
ot b 315, (4.=0) 20, "7 (4=1)
1) "ol 1), 35,4=) | h2R4=02),%P, 4
17t (1) 35,4125, 4 =1)| PR G0 PR

Vo constraint frem <
I=o X Sforbidden

206




roduction of 3T exotics in Pn = T X°

I (1) ot X

'f')"n (Lse)->T X°

prlt=1)- T X°

O (o,\7)
0™ (o*, 1)
0" (o 17)
ot (o4, 1)
1™ (o)
17 (ot 1)

23S, (4=1)

b

———

3ls, (@=0)
335, (4=1)
S (4=1)

————

330 40>, PRy =3)
P (& =1)
PR e=1)
e (g =0,2)

33Pl (‘q‘ "‘0,1)}3382 (ﬁ: 2)

no constraint from C

see both I=o0,1
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NoN —STRANGE DECAY MODES oF J=o0,1 ExoTics

consider PS+PS, PS4V, Ps-ET.) VM.)-fs-‘.g. | A
KRR AL PITRA LI P A L P PR LA

J"(1%) Allow'ecl'Debags X5 MM C2)
0 (0) n‘i ; Tr*e* 7 uza)
0" (o) TAF (=2) , T28¥(2=0)
0~ (47) Tre¥ (=)
0 (4t) Tow, 7L =1), TEAF (£=2), wiS*(.e =0)
ot-(07) .. |  mwB,rTBE@=l)
ot~ (oh~ | whwusey; e @=°;z>_';v*_‘5€:<§f)'j )
ot-d) | wEFeen -t T
oy _Tf“,ﬂ‘_(*'_ezjﬁl <o, AT e 3w =)
1) - |- W eF (0w WIBE (hwo;a)
1+ (0*> WS 77 (E=); f’f’?*? “0=1,
u)} @3, 1A TATd=0,2), 1048 AT (4=))
:t"r (O Toq =), TEeF (4=1), £ 41,3), 10D R=s,2)
$4 | mefieea), MBF=0a) - -
17+ () =), eteme=1,3), TEAF (2~0,2

TEAS (=2)
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Search for 177(17) exotic in Pp — T

SIENAL:  Pp (1) =X ﬁﬁ; ZZ.>

BACKGROUND : ‘];F (Vs,) = T9A; (& =2)
sz (£=2)

pp (Us,) — T8 (g=2)
I’ T\""Z (€=0)
also o7 (& =0) , §'n( (-Qp:) “’“P\e 3 1l°ﬂ°7

Exfevimenta115 , Look for w’n%l —2 & (cRYSTAL BARREL
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NSO U

Exotiecs wn ig_ Annihilation :

A) Al neutral medes

O W%NW(IG:')

P m™w |
2) pp— 3,1)77 41>

?) Ff ” w‘gg’_‘_) 11‘1( (& =1)

w4, 1 loaacj r.

4) Pp 11’93\)“0{-[&29

G

B) C.)aa.‘rﬂed. Medes :

- 1 ,F
DR TS
3 )

DPOTH 2

CRYSTAL BARRE

STOY

g Nﬂ"ﬂ‘ﬁz
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N

Ouuaog: Nﬂ a.nnij\iﬁai‘ior\ ve:j Pmmisinj

asS a wmeéans o-F Produ«inﬂ exo‘[‘ic
\ mesons X in reactions NN — X

Difficulties:

1) l—; meje ™= new states are brood Yésonance

> detailed dmp}('l“u.ole AY\Q[ﬂSfS
need to extract interference.
e-F-Fects

2) Lranck'\nj vatios for NN = X .Qi\(e‘j to be Smal
9 7o jood theoretical estimate

Aa\\/arﬁ’agé :

1.) NN annihi—adion ?otenfial‘(_.j vich in
3\ uonie exettations

3) NN ot rest Fvo\/icoes ccn‘b'a.aa(: -im}ial
%uan‘t.’u.m numbers (L=0or L=1)

3 Fpawxe, WXT ; FnowK® gwves %m&}-—-'ﬂ—‘ﬂ——?“ 1‘::."0"5*
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ANTIPROTON PRODUCTION CALCULATION
BY THE MULTISTRING MODEL
"VENUS" COMPUTER CODE

HIROSHI TAKAHASHI

DEPARTMENT OF NUCLEAR ENERGY
BROOKHAVEN NATIONAL LABORATORY
UPTON, NY

PRESENTED AT THE ANTIPROTON TECHNOLOGY WORKSHOP
HELD AT BROOKHAVEN NATIONAL LABORATORY
10 MAY 1989
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(9 Y

ANTIFROTON PRODUCTION CALCULATION BY NULTISTRING
MODEL VENUS COMPUTOR CODE

Brookhaven Mational Laborstory

ANTIPROTOR TECIMOLOGY
NAY 10,1989

Brockhaven National Laboratory
Upton,New York,11973
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Fermi Lab Sovrce Performanmce

FE Mls.

NL ™M P A a7 (1488)11¢

Preton Energy Euu = 120 Gev

Amt;prroton Energy
Tavget ¥ L

= $qGev

Cvoss Section Missing Factor = 2.5

M) G‘om/e/ .




A W R —

e ——tn. ol ettt e . 4

Amtiproton Source (CERN, Fermilab)

Hojvat and Van Gimneken

[ P e

Empirical formulz

E A% . [i(i-2eS wrp(-ap)]

Tt cLP3

[ 1+2657 (8 200] (&enh (b Pr) o (-exd]
g = E/Cmon.
k= 0.0b65. m=§0

Target a b ..

H .00 0.0 0.0

w 164 3% )94

Pp 173 13T .93
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VENUS

A mu /-t:'s‘fr/hj mode/
br whrarelativistre keavy ion collision

- mode/ for ordin ary " colfisians
(no Fz(a.sma)

- PP e)(ﬁfapo/dﬁ’a% ( test - pA)

H - 57‘7/’7100. a(’mg'me'nfa//'an e,oozs/'sfe«?"
il e’e, vp, YP, kP data

- Monte Carlo ;Formu/af/'o«
(event gernerm"v‘mr)

- mof?'Ua‘léic( by Peﬁdf’é 7%801«'}
C.Qc'ke $PM ) ’
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Step Structure

I) Mu,z,'l?iP-ee Scau‘etr,‘mg

e eiadfitins e astibiammayution

Geometry + Uy, defermine NNV coll

¥
2 <~
J'ST_; | nuel om move
| T on @ straight f u,

1 _Z[ 7 i’nd;‘y;da_aé NA/ Co ”;S/.d%

f—a QaQ)
’ 4 \ { color

é’)‘(a/uamgzs

colas ginglel.

IL) Strimg {fraoe MmenTatrom
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Mm Felo: 'a"ram‘h#mu

22

O

baryon  meson ot baryon

v .
meson baryon meson  omls bow

| // f/i /1%_% =/

aﬁefmem 'z“a 7y  Ver 7L/Ces ;

% "_\‘\’:" % @”‘\g’gﬁz %3
3 meson —
{ . -
| %% ‘*—\X-—» 29 %2 9——\'\\ ¢
| mesen bwrya'x
P | _
ﬁ

5?-257 Fum ctiom (“‘“‘J ) counliiy >
[i(%)/\a x (i x)-?'n- ‘)

N Numbe 4 SFecnb\,'

{3/2 dor P%W
for meson FProd
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Table 4.1 The Particle Yield For Proton-Proton Collision (%)

Number of Hits: 15000 15000
1 Lab Energy of Projectile (GeV.) 200 1000
b h 4.53 (5.4)* 11.5 (16.2)*
n 4.39 11.2
P 128.7 132.3
‘ n 62.3 67.7
- 262.4 399.2
. T+ 325.1 461.7
v 735.8 1052.5
k- 15.1 28.4
k+ 24.4 41.4
Z+ 4.39 6.08
z- 0.37 1.36
A- 2.0 6.3
AT 14.1 22.3
e- 4.4 .0
e+ 4.4 6.0

* () is calculated by Hojovat and Van Ginneken's empirical
fornula.
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Table 4.2 The Particle Yield For Proton-Pb Collision (%)

Number of Hits: 5822 5773

Lab Energy of Proton (GeV.) 200 1000
P T 7.07(9.0) 21.38 (29.0}+*
n 6.93 22.37
p 213.59 227.94
n 218.83 226.64
x- 751.96 1154.70
T+ 765.16 1168.16
v 1998.35 2921.7
K- 27.75 65.70
x+ 49.51 89.51
T+ 28.37 45.27
z- 3.48 9.41
z- 6.10 9.41
T+ 0.66 2.66
A- 0.64 3.02
A+ 5.54 9.39
e- 11.33 16.45
e+ 11.33 16.45

* () is calculated by Hojovat & Van Ginneken's empirical formula.
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Table 4.3 The Particle Yield For Si-si (%)

Number of Hits:

9831

Lab Energy of Projectile (GeV./A) 200

9858
1000

31 o

3 w©

'-

26.88 (82.5)*
27.41 (81.7)
680.24
634.46
2931.60

2935.06

79.86 (260.5)*
79.20 (258.4)
710.38 (2238.7)
706.08 (2229.6)
4353.5 (15226.2)

4358.07 (15200.8)

*

( )s are at central

collision (b=0)
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Table 4.4 The Particle Yield For O-Pb Collision (%)
Number of Eits:s 7000 876
ELaPr Emergy af Projectile (GeV./A) 200 1000

P - 40.04 (78.6)% 124.77
n 37.84 (77.8)  122.14
p 153.5 (316.3) 1181.73
n 1235.35 (348.1) 1234.24
- ’ o 5298.5 (15216.2) 7899.2
=+ - 5421.3 (14835.1) 7756.39

Is are at central collisiom (b=0) .
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Central Collisfon

X spectrum concentrated to low Xf region
Recent Cern Experiment of Ox-Pb Collision
Pion Production 280 at 200 Gev Hy dro dywumit

107 Venus Calculation
300 Venus Central

Sucsessive Collisions Increase P production
sputitee Nadews L e 7 Probin Colliziem
MallaPle Col)ision > 7.

Modiftcation of Venus Code

. Important Sampling Method
« Russian Roulett,

Careful Choice of Parameter 1is required
Two Calculations of Collision Events
¢ Creation of the string

* The fragmentation of Strings
e Convolution of two functions

More Sophisticated model

» Fiux Tube =sodel
~Qunek Gluon Plasaa Pormation

Dynasics of Plassa expansion and Nadroni
Beins et al Theory sation

> Pragmentation wsodel using string msodel.

. - o ..
o Baldinotal. c-G. (3Gev/AY P/q autio ,‘- imes

08 P.muclens collision.
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